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ABSTRACT 
Spinal fractures and luxations are frequently seen in rabbits, typically as the result of 
sudden, forceful muscular activity in the hind limbs. Despite the relatively common nature of 
these injuries, little information on treatment is available, and many rabbits are euthanized. In 
particular, information on surgical treatment is limited. Dogs and cats with vertebral fractures are 
routinely treated surgically, and many rabbit patients could undoubtedly benefit from greater 
understanding and availability of surgical options. One of the most basic principles of spinal 
fracture repair is the identification of appropriate locations for implant placement. This 
information is published for dogs and cats, but is unknown in the rabbit. Therefore, the purpose 
of this study was twofold: (1) to assess the vertebral anatomy of the rabbit thoracolumbar region 
in an effort to define safe corridors for implant placement, and (2) to attempt pin placement in 
cadaver specimens utilizing the previously determined safe corridors.  
Twenty adult New Zealand White (NZW) rabbit cadavers were obtained from a 
commercial source. All animals were imaged using a GE Lightspeed 16 slice CT scanner. Data 
was acquired in the transverse plane. Then, the OsiriX DICOM viewing system was used to 
obtain measurements using dynamic 3-D multiplanar reconstruction. The length, width, and 
height of each lumbar vertebra, as well as the length of each endplate were recorded. 
Measurements were also taken for the terminal thoracic vertebra and the body of the sacrum. 
Next, safe corridors for implant placement were assessed for each vertebra, and the corridor 
length, width, and minimum and maximum angle within it were recorded. Finally, measurements 
from the ventral aspect of the vertebral body to the vasculature below were taken for each 
vertebra.  
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After collecting and analyzing the measurement and corridor data, each rabbit was 
dissected and four sites along the vertebral column between T12 and the sacrum were randomly 
chosen for implant placement. Based on the measurements from the first phase of the study, a pin 
insertion angle of 60º from the sagittal midline was chosen for the thoracic and lumbar vertebrae, 
and 0º for the sacrum. Pins were inserted in the cranial or caudal endplates of the thoracic and 
lumbar vertebrae, between the level of the accessory process and tubercle of the rib or transverse 
process. Pins in the sacrum were placed in the pedicles. The same individual performed all pin 
placements   
Eleven male and nine female rabbits were examined. Four of the rabbits had eight lumbar 
vertebrae and the remainder had seven. Six rabbits had sacralization of their terminal lumbar 
vertebra. No other vertebral variations or abnormalities were identified. The cranial and caudal 
endplates contained the majority of the vertebral bone stock and were an average of 3.14 and 
3.30 mm in length, respectively. The mean safe corridor angle was 62.9 degrees (range 58.8-
66.7), and the mean width of the corridor was 2.03 mm (1.60- 2.35). Minimum and maximum 
safe angles were recorded for each vertebra, with an average maximum angle of 75.9 degrees 
(71.1- 79.8), and minimum angle of 47.9 degrees (43.9- 51.7). For the sacrum the pedicles had 
an average width of 3.42 mm. The aorta, vena cava, and iliac vessels were located ventral to the 
vertebral bodies and hypaxial musculature, with the aorta and its terminal branches consistently 
located dorsal to the cava. The aorta was an average of 5.04 mm (4.28- 5.53) ventral to the 
vertebral body in the cranial and mid lumbar regions. At the level of the terminal lumbar 
vertebrae the hypaxial musculature thins, and the iliac branches were located an average of 2.61 
mm (2.24- 2.99) ventral to the vertebral body.  
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Following pin placement, the average insertion angle and corridor length for each 
vertebra was determined. All angles were less than the target angle of 60º, and the angles 
obtained in L6 and L7 were significantly less than those obtained in T12-L5 (p= 0.0001). In the 
sacrum, the mean angle obtained was 5.9º (+/- 5.5º). Out of the 80 pins placed, 18 impinged on 
critical structures, most commonly the vertebral canal, which accounted for 77.8% of the 
incidences of impingement. Additionally, 10 pins failed to engage adequate bone purchase, and 
instead only engaged the transverse process or grazed the edge of the vertebral body. There was 
a total of 35% of pins displaying errors of placement, with no difference in frequency of 
placement errors in the caudal spine compared to the cranial sites (p= 0.91). 
The results of this study suggest that while safe corridors for implant placement exist in 
rabbit thoracolumbar vertebrae, there is a high risk for errors of insertion. Further cadaver studies 
will be necessary to assess the repeatability of these recommendations, better identify insertion 
points, and test the mechanical performance of implant constructs. 
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CHAPTER 1 
INTRODUCTION 
Spinal fractures and luxations occur frequently in domestic rabbits (Oryctolagus 
cuniculus), and are the most common cause of hind limb paresis and paralysis seen in this 
species. (Baxter, 1975; Delamaide-Gasper et al., 2014; Gruber et al., 2009; Harcourt-Brown, 
2002; McCullough et al., 2012; Quesenberry & Carpenter, 2011; Stiff & Roe, 1962; Vernauet et 
al., 2007; Whittington & Bennett, 2011) Injuries often occur in the caudal lumbar region, and are 
usually the result of sudden, explosive muscular activity in the hind limbs. The force of the kick 
causes hyperextension of the spine with the lumbosacral joint acting as a rotational axis, and 
resulting in fracture, luxation, or a combination of the two. (Baxter, 1975; Gruber et al., 2009; 
Harcourt-Brown, 2002; Quesenberry & Carpenter, 2011; Whittington & Bennett, 2011) 
Classically, these types of injuries result from inappropriate restraint, but they have been 
reported in other situations where vigorous activation of the musculature occurs. (Baxter, 1975; 
Gruber et al., 2009; Harcourt-Brown, 2002; Quesenberry & Carpenter, 2011; Stiff & Roe, 1962; 
Whittington & Bennett, 2011) Affected animals may present with a range of clinical signs and 
varying degrees of neurologic impairment. (Baxter, 1975; Gruber et al., 2009; McCullough et al., 
Quesenberry & Carpenter, 2011; 2012; Vernauet al., 2007) Despite the relatively commonplace 
nature of the injury, little information on treatment is available. Euthanasia is often 
recommended, particularly in cases where incontinence is present. (Baxter, 1975; Delamaide- 
Gasper et al., 2014; Harcourt-Brown, 2002; McCullough et al., 2012; Quesenberry & Carpenter, 
2011) In cases where the animal is less severely affected, medical management protocols have 
been described. These include medication to control pain and inflammation, strict cage rest to 
limit activity, and careful monitoring of hydration status, food intake, and urine output and are in 
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general similar to the treatment protocols recommended for dogs and cats. (Delamaide- Gasper et 
al., 2014; Harcourt-Brown, 2002; McCullough et al., 2012; Quesenberry & Carpenter, 2011) 
Prognosis with medical management is unknown, but as in other species is likely tied to the 
severity of neurologic injury, with more severely affected animals being less likely to regain 
function. However, unlike in other species, where surgical options are also described, there is 
very little information in the literature regarding surgical options for rabbits with spinal trauma. 
In the veterinary literature, there are varying recommendations on when to proceed with surgical 
stabilization for spinal injuries. Generally, the goals of surgery are to decrease spinal cord 
compression, realign the vertebrae, and promote fusion of vertebral segments. Some reported 
indications include: severe spinal cord compression, non-ambulatory status, intractable pain, and 
unstable fracture configurations regardless of neurologic status. (Olby, 1999; Shores, 1992; 
Tobias & Johnston, 2013; Wheeler & Sharp, 1994) Many different methods of stabilization have 
been described, including bone plates, pins and polymethylmethacrylate (PMMA), tension 
banding, and external fixation. (Blass, 1984; Garcia,1994; Hoerlein, 1956; Jeffery, 2010; Krauss, 
2012; Rischen, 1987; Smolders, 2012; Sturges, 2016; Swaim, 1971; Tobias & Johnston, 2013; 
Voss & Montavon; 2004;  Wheeler, 2007) It is reasonable to expect that some of these could be 
applicable to rabbits; however, literature regarding surgical techniques in this species is very 
limited. Specific concerns of surgery in rabbits include the small size and delicate nature of their 
vertebrae, and post-operative management challenges such as appropriate pain control and 
gastrointestinal stasis. (Delamaide-Gasper et al., 2014; Harcourt-Brown, 2002; McCullough et 
al., 2012) To the authors’ knowledge, the only published report of spinal fixation in the rabbit is 
by Delamaide-Gasper et al. In this case, the group described the successful surgical treatment of 
a miniature lop requiring stabilization following a dorsal laminectomy with bilateral articular 
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facet removal for treatment of synovial cysts. The authors elected to stabilize the area with pins 
and PMMA. After surgery the rabbit recovered the ability to ambulate without discomfort and 
urinate/defecate normally, although it remained significantly paretic. (Delamaide- Gasper et al., 
2014) The results of this case demonstrate the feasibility of spinal stabilization in rabbits, but 
only limited information was included regarding the pin insertion sites or implant trajectory, and 
the paper was not intended to be used as a guide for implant placement.   
One of the most challenging aspects of spinal stabilization is the safe insertion of 
implants. Implants such as pins or screws should be placed to maximize bone purchase but not 
enter the vertebral canal and should engage but not penetrate far beyond the ventral cortex of the 
vertebral body to damage adjacent structures. In dogs and cats, anatomic studies have been 
performed and safe corridors for implant placement reported. (Vallefuoco et al., 2013; Watine, et 
al., 2006; Wheeler et al., 2007; Wong & Emms, 1992) To date, however, no research has been 
done looking at safe corridors and optimal angles of insertion for spinal implants in rabbits. 
Availability of this data provides a starting point for further research, such as biomechanical 
studies comparing methods of stabilization and eventually clinical studies. Expanding research in 
this area will benefit a large number of exotic animal practitioners, neurologists, and surgeons 
who may desire to offer a surgical option for these patients, expanding owners’ access to 
advanced care and improving the quality of life for their pets.  
The purpose of this study was twofold: (1) to assess the vertebral anatomy of the rabbit 
thoracolumbar region in an effort to define safe corridors for implant placement, and (2) to 
attempt pin placement in cadaver specimens utilizing the previously determined safe corridors. 
Our hypothesis for the first phase of the study was that safe corridors could be defined. The 
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hypothesis for the second phase was that placement of pins within the defined corridor would 
allow adequate bone purchase but not impinge on critical structures.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Mechanisms and pathophysiology of spinal injury 
 Neurologic injury is commonly observed in both veterinary and human patients, and is 
characterized by a unique progression of cellular changes. In the case of fractures or luxations, 
the process begins with direct mechanical injury to the neurologic tissues. (DiFazio & Fletcher, 
2013; Hilton et al., 2016; Nunamaker, 1985; N. Olby, 1999; Olby, 2010; Weber & Maas, 2007) 
Normally the spinal cord is well protected within the bony vertebral canal. In the vertebral 
column the associated ligamentous supporting structures and the intervertebral disks distribute 
and absorb the various intrinsic and extrinsic forces acting upon the spinal cord. Intrinsic forces 
are generated by the animal’s own musculature, while extrinsic forces are applied externally, and 
both can involve a combination of bending, shearing, torsional, or more rarely pure compressive 
or tensile forces. (DiFazio & Fletcher, 2013; Nunamaker, 1985; Olby, 1999; Olby, 2010)  The 
ability of the vertebral column to withstand force depends on the direction, location, and absolute 
magnitude which is applied. However, when forces are applied to the vertebral column in excess 
of what the bony and/or ligamentous structures can withstand, failure results, allowing delivery 
of force to the spinal cord itself. (DiFazio & Fletcher, 2013; Nunamaker, 1985; Olby, 1999; 
Olby, 2010) 
Delivery of force to the spinal cord can result in laceration, compression, and disruption 
of blood supply. This forms the primary injury: the neural tissue is torn or crushed, leading to 
cell death due to loss of membrane integrity. (DiFazio & Fletcher, 2013; Olby, 1999; Olby, 2010; 
Park et al., 2012) Injury may result from contusion, compression due to epidural hematoma 
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formation, and traumatic disk herniation in addition to direct compression related to vertebral 
translation. (DiFazio & Fletcher, 2013) 
Immediately following the primary injury, the process of secondary injury is set into 
motion. This is a combination of vascular and biochemical disturbances leading to worsening 
dysfunction and further death of neural tissues. Disruption of the microvasculature of the spinal 
cord interrupts the ability of the cord to regulate its own blood supply. Neural tissues are highly 
metabolically active, and the loss of this ability leads to rapid ischemic necrosis. (DiFazio & 
Fletcher, 2013; Park et al., 2012; Olby, 2010)  Additionally, continued petechial hemorrhage 
formation has been observed to develop cranial and caudal to the initial lesion for approximately 
the first 24 hours following trauma, leading to marked expansion in the area of cord affected. 
Intraparenchymal hemorrhage causes interstitial pressure increases, as well as direct toxicity to 
neurons from free heme products. (Olby, 2010) Research in rats suggests the extension of 
hemorrhage may be due at least in part to upregulation of a protein called Transient Receptor 
Potential Cation Channel subfamily M member 4 (TRPM4). Injured endothelial cells have been 
shown to upregulate TRPM4, which acts as a monovalent ion channel. Ion flux into the 
endothelial cells, followed by water, leads to cell swelling and death, worsening the initial 
vascular injury. (Gerzanich et al., 2009; Park et al., 2012; Olby, 2010) In rats treated with anti-
sense TRMP4, the degree of secondary hemorrhage was significantly lessened, and further 
research may demonstrate the utility of this approach in reducing some effects of vascular injury. 
(Gerzanich et al., 2009) Other local factors that contribute to vascular damage and ischemia 
include damage to the endothelium by reactive oxygen species, vasospasm in response to 
inflammatory mediators, and decreased perfusion due to edema. (Olby, 2010) Systemic factors 
can also play a role in the development of ischemia; in particular, hypotension or hypoxia due to 
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shock or concurrent traumatic injuries such as pulmonary contusions can exacerbate the effects. 
(DiFazio & Fletcher, 2013; Nunamaker, 1985; Olby, 1999; Olby, 2010; Park, White, & Tieber, 
2012) 
Another contributing factor to secondary injury is the development of excitotoxicity. 
Membrane disruption of neural cells leads to release of the excitatory neurotransmitters 
glutamate and aspartate while concurrently decreased perfusion leads to depletion of adenosine 
triphosphate (ATP), and decreased reuptake. Extracellular concentrations rise, and the excitatory 
neurotransmitters (NTs) begin to interact with N-methyl-D-aspartate (NMDA) receptor and other 
surface receptors. Binding allows sodium and calcium ions to enter the cell, and the effect 
worsens as the Na-K-ATPase begins to dysfunction. The influx of sodium causes cytotoxic 
edema, while calcium entry leads to caspase and calpain activation, culminating in cell death. 
Entry of calcium also activates thromboxane A2, promoting inflammation. (DiFazio & Fletcher, 
2013; Hilton et al., 2016; Olby, 1999; Olby, 2010; Park et al., 2012; Weber & Maas, 2007) 
Inflammation also contributes to the development of secondary injury. Microglial cells 
produce tumor necrosis factor alpha and interleukin 1 beta in response to the initial trauma, while 
lysis of cells and the release of cytosolic contents, both as a result of the original injury and due 
to secondary excitotoxicity and ischemia further contribute to activation of the inflammatory 
response. Inflammation causes breakdown of the blood-brain-barrier or blood-spinal cord-
barrier, allowing circulating inflammatory cells to enter the central nervous system (CNS) 
parenchyma via diapedesis. (Olby, 2010; Park et al., 2012) Studies in rodents link a particular 
compound called matrix metalloproteinase 9 (MMP-9) to interruption of the blood-CNS-barrier. 
High concentrations of MMP-9 result in greater influx of inflammatory cells. (Noble et al., 2002) 
As with inflammation elsewhere in the body, neutrophils are the first responders, dominating the 
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response for the first 24-48 hours. With time, macrophages follow, with their influx peaking at 
around four days. They release toxic granules, breaking down and removing necrotic debris but 
causing injury to surrounding healthy cells. (Olby, 1999; Olby, 2010; Park et al., 2012; Weber & 
Maas, 2007) MMP-9-null mice showed significantly decreased neutrophil influx and improved 
function following spinal cord injury, seemingly due to limiting the injurious effect of 
inflammation. It is possible that MMP-9 may be a target in the future for therapies. The 
concentration of MMP-9 has been shown to be elevated in canine cerebrospinal fluid (CSF) 
following neurologic injury, supporting its importance in other species as well. (Levine et al., 
2006)  
Tissue ischemia and the inflammatory response lead to the production of reactive oxygen 
species. These highly volatile species cause severe damage to the intact surrounding cells by 
disrupting membranes, and also damage proteins, nucleic acids, and disrupt the process of 
oxidative phosphorylation. Production of reactive species is highest in the first 12 hours 
following injury, contributing significantly to secondary injury. (Olby, 1999; Olby, 2010; Park et 
al., 2012) N-acetylcysteine has been trialed in dogs with intervertebral disk disease, and no effect 
on outcome was noted; however, control of oxidative damage remains an area of interest in 
neurologic research. (Baltzer et al., 2008)  
Together, the processes of tissue ischemia, inflammation, excitotoxicity, and free radical 
generation compound the damage to the spinal cord caused by the original injury. The impact of 
this phase of secondary injury is unique to the central nervous system, and has been heavily 
investigated along with many therapies aimed at controlling or reducing the effects. The 
importance of mitigating damage is of great importance due to the limited capacity for 
neurologic tissues to recover function following injury. (DiFazio & Fletcher, 2013) As the acute 
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inflammatory phase begins to subside the dominant cell type changes from neutrophils to 
macrophages, and the process of healing begins. Circulating macrophages enter from the 
bloodstream, and microglial cells proliferate and move to the site of injury. These cells 
coordinate the slow process of removal of myelin and other cellular debris. Astrocytes begin to 
divide, sprout many processes, and become hypertrophic, slowly filling the defect left with a 
dense network of their processes called a glial scar. (Fawcett & Asher, 1999) Fibroblasts from 
the meninges may also enter the area, and lay down dense extracellular matrix, further thickening 
the scar. Surviving neurons may make some attempts at axonal regeneration, and in some cases 
some function may be regained. However, the dense glial scar, loss of myelination due to death 
of oligodendrocytes, and inhibition from multiple local inhibitor molecules act to suppress the 
already weak process of regeneration. (Brecknell & Fawcett, 1996; Fawcett & Asher, 1999) In 
most cases of severe spinal cord injury the degree of axonal regeneration is minimal. (Brecknell 
& Fawcett, 1996) Future research looking at promoting regeneration and re-myelination is 
underway in both human and veterinary medicine in an attempt to improve outcomes in chronic 
spinal injury patients.    
 
2.2  Initial management of spinal fractures and luxations  
 The majority of the clinical reports regarding spinal trauma in small animals pertain to 
dogs and cats, in which traumatic spinal injuries are seen frequently. Most commonly these result 
from motor vehicle accidents, but other causes include aggression from other animals, falls from 
heights, gunshot wounds, or deliberate abuse. (Granger & Carwardine, 2014) Initial assessment 
of the animal should be global, as the initial trauma commonly leads to other concurrent injuries 
such as pneumothorax, pulmonary contusions, body wall ruptures, and urinary tract trauma. 
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Shock and other life-threatening conditions must be stabilized before definitive treatment for 
neurologic trauma can be pursued. (DiFazio & Fletcher, 2013; Eminaga, Palus, & Cherubini, 
2011; Granger & Carwardine, 2014; Jeffery, 2010; Tobias & Johnston, 2013; Wheeler & Sharp, 
1994) If a spinal fracture or luxation is suspected, the animal should be immobilized on a (ideally 
radiolucent) back board to prevent exacerbation of the injury while the remainder of the 
examination is carried out. Following full assessment and the administration of any life-saving 
procedures, baseline imaging can be obtained to look for evidence of spinal disruption. (DiFazio 
& Fletcher, 2013; Eminaga, Palus, & Cherubini, 2011; Jeffery, 2010) Deep sedation and 
anesthesia should be avoided until imaging is obtained, as this will compromise the animal’s 
ability to use muscle tone in support of its spine; however analgesics and if appropriate mild 
sedation can be administered after the initial assessment to aid in patient comfort and 
cooperation. (DiFazio & Fletcher, 2013; Jeffery, 2010) 
Depending on the extent of neurologic injury, the patient may display a range of clinical 
signs. These may be mild, with the patient showing only pain in the affected area but no 
neurologic dysfunction, or severe, with complete loss of function and even sensation caudal to 
the level of the injury. (Granger & Carwardine, 2014; Jeffery, 2010) The degree of impairment 
can be dynamic in the early post-injury period, with some patients showing worsening clinical 
signs as secondary changes set in, or as instability at the affected segments leads to further insult, 
therefore frequent re-assessment should be performed. (DiFazio & Fletcher, 2013; Jeffery, 2010) 
 
2.3 Diagnostic imaging 
 After the patient has been stabilized from a cardiovascular standpoint, imaging may be 
pursued to evaluate the integrity of the vertebral column. This must be performed with care, as 
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manipulation of an animal with an unstable spinal fracture may result in further damage to the 
cord. (DiFazio & Fletcher, 2013; Eminaga, Palus, & Cherubini, 2011; Granger & Carwardine, 
2014; Jeffery, 2010) Multiple modalities are available to assess the spine, and all have strengths 
and weaknesses. Radiographs are often used as the first line diagnostic, and have several 
advantages as a screening test. They are inexpensive, quick to perform, and do not require 
anesthesia, while in many cases still providing valuable information to owners deciding whether 
to pursue treatment. However, accurate positioning may be challenging due to patient 
cooperation, and in order to fully evaluate the spine two orthogonal views must be obtained. 
(DiFazio & Fletcher, 2013; Kinns et al., 2006) Even after films are acquired, interpretation may 
be difficult, due to superimposition of anatomic structures, particularly if obliquity is present. 
The sensitivity of radiographs in identifying spinal trauma in canine patients was reviewed by 
Kinns et al, and was reported as 72% for fractures and 77.5% for subluxations, using computed 
tomography (CT) as the gold standard. (Kinns et al., 2006) Additionally, no information about 
the status of the spinal cord itself can be inferred from radiographs. (Johnson et al., 2012)  
 Myelography has been reported to increase sensitivity at identifying compressive spinal 
lesions in combination with either radiographs or CT; however, it is not commonly used for 
patients with suspected spinal instability due to the risks of performing the procedure. (DiFazio 
& Fletcher, 2013; Israel et al. , 2009; Olby, Dyce, & Houlton, 1994) Patients receiving a 
myelogram must be anesthetized and positioned to allow either lumbar or cervical puncture, and 
are at risk for post-procedural seizures. Seizures following myelogram have been reported at an 
incidence of 3- 21.4% of cases. (Barone et al., 2002; da Costa, Parent, & Dobson, 2011; Lewis & 
Hosgood, 1992; Lexmaulova et al., 2009) In general, if radiography does not reveal a cause for 
neurologic deficits in a post-trauma patient, cross sectional imaging is indicated.  
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 Computed tomography is the diagnostic imaging modality of choice in many trauma 
patients. It can be performed with the patient awake but safely restrained, and allows rapid 
imaging of the spine as well as the head, thorax, and abdomen if desired to rule-out other 
injuries. Of the commonly available imaging modalities, it provides the best resolution of bony 
structures with no superimposition and the ability to perform multiplanar reconstruction. The 
sensitivity has been reported to be up to 100%, and it is considered the gold standard for 
assessing osseous spinal injuries. (da Costa & Samii, 2010; DiFazio & Fletcher, 2013; Eminaga 
et al., 2011; Griffen et al., 2003; Kinns et al., 2006)  However, it provides limited detail about the 
spinal cord and supporting soft tissue structures. 
 Magnetic resonance imaging (MRI), on the other hand, provides maximal information 
about the soft tissues, but has relatively poor osseous resolution. The chief value of MRI in 
trauma patients is to assess the status of the spinal cord prior to surgery, or in cases where CT 
does not reveal a cause for neurologic deficits. (DiFazio & Fletcher, 2013; Johnson et al., 2012) 
In some cases, MRI may detect changes in the cord suggestive of concussive injury to the spinal 
cord parenchyma, such as in the case of a low volume high velocity intervertebral disk rupture or 
external trauma causing edema or even gliosis. Additionally, MRI may detect subtle instability 
secondary to ligament rupture without apparent osseous changes. (Johnson et al., 2012)  The 
sensitivity of MRI in identifying spinal fractures has been reported in humans to be as low as 
47.6%. (Levitt & Flanders, 1991) This, along with the expense, length of time to acquire images, 
and fact that anesthesia is required limit the utility of MRI as a first line diagnostic in veterinary 
patients for detection of fractures. (da Costa & Samii, 2010; DiFazio & Fletcher, 2013) 
While imaging may be guided by the neurologic exam, it is important to image the entire 
spine at least with radiographs and ideally with CT, as multiple fractures may be present, and 
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cranial injuries may mask those further caudal or lower motor neuron signs may mask upper 
motor neuron signs. (Jeffery, 2010) It is also important that the images are evaluated carefully, 
particularly in cases of minor or unobserved trauma, as pathologic fractures of the vertebrae may 
also be seen. 
 
2.4 Non-surgical management of spinal fractures 
After the patient is systemically stable and a spinal fracture or luxation has been 
identified, a plan can be developed to address the spinal trauma. Management of spinal injuries 
can be broadly divided into two main categories: medical (non-surgical) or surgical.  
Non-surgical management is chiefly aimed at reducing secondary injury to the cord, 
maintaining comfort, and minimizing movement at the affected segment to allow the process of 
healing to proceed. (DiFazio & Fletcher, 2013) Typically, patients treated medically have minor 
neurologic deficits and stable fracture configurations; however multiple factors play into the 
recommendation for surgery, and individual clinicians vary in their treatment recommendations.  
Immobilization is a key feature of non-surgical management, as it reduces additional 
injury to the cord and allows stability for bone and ligament healing. Unfortunately, without 
surgery this is often challenging. Splints and supportive bandages are most commonly used in 
the cervical region, as the neck can be wrapped much like the limb and a supportive ventral 
splint can be included. For fractures in other locations along the spine, external coaptation is 
rarely used due to challenges in maintaining bandages in position, poor patient tolerance, and a 
high incidence of bandage-induced morbidity. (DiFazio & Fletcher, 2013; Jeffery, 2010; 
Patterson & Smith, 1992) Instead, many animals with non-cervical spinal fractures are kept 
confined in a cage or other small pen, limiting their activity. Walks outside are short and 
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intended only for urination/defecation, and the animal must be supported on a surface that allows 
good traction. Confinement does not ensure complete immobilization at the fracture site, 
however, highlighting the importance of careful patient selection when non-surgical management 
is recommended. Confinement is continued for at least 6-12 weeks. (DiFazio & Fletcher, 2013; 
Drum, 2010; Nunamaker, 1985) 
In addition to limiting the patient’s mobility, multiple pharmaceutical therapies have been 
utilized. One of the most commonly used despite its questionable utility is methyl prednisolone 
sodium succinate (MPSS). The use of MPSS began in response to a series of reports published in 
the human literature in the 1990’s, the National Acute Spinal Cord Injury Studies (NASCIS). 
The NASCIS 2 and 3 showed that patients treated within 8 hours with high doses of MPSS 
(30mg/kg followed by a 5.4 mg/kg/h CRI, for 24 hours) showed significantly improved sensory 
and motor function. However, other studies since then have not reproduced these findings, and 
the original studies have been criticized for a variety of statistical and methodological errors. The 
utility of MPSS is thought to be due mainly to its effects as a free radical scavenger, limiting the 
damage caused to bystander cells via lipid peroxidation. (Anderson et al., 1985; DiFazio & 
Fletcher, 2013; Olby, 1999) However, the high doses used put patients at risk for a variety of 
complications, particularly gastrointestinal ulceration. (Hanson et al., 1997) A study in dogs 
compared outcomes after a tie was placed around the spinal cord. One group of dogs was treated 
with MPSS only, one with MPSS and removal of the tie after 6 hours, and one with saline and 
removal of the tie after 6 hours. Both groups in which the tie was removed did better than the 
group treated only with MPSS, and there was no difference between the saline and tie removal 
group and the MPSS plus tie removal group. (Rabinowitz et al., 2008) Another canine study 
compared MPSS, a 21-aminosteroid compound, and a control group following experimental 
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injury to the cord, and did not identify any clinically significant differences in outcome. (Coates 
et al., 1995) A multi-institutional study in clinical patients compared the use of MPSS, 
polyethylene glycol and a placebo in patients with intervertebral disk disease. No advantage was 
observed in either of the test groups compared to the control group. (Olby et al., 2016) These 
studies do not support the use of MPSS in canine patients.  
Other antioxidants that are not steroids have also been trialed, including N-acetylcysteine, 
selenium, vitamin E, sulfoxide, aminocaproic acid, mannitol, and dimethyl sulfoxide (DMSO). 
Several of these have shown minor neuroprotective effects, but none are in regular use clinically 
due to lack of efficacy, the need for extended administration to reach therapeutic levels, or 
undesirable side effects. (Anderson et al., 1985; Baltzer et al., 2008; Hoerlein et al., 1983; 
Kassell et al., 1983; Olby, 1999; Parker & Smith, 1979) 
Dexamethasone is also commonly used, with the intent of reducing inflammation and 
secondary injury associated with the immune response. Levine et al., however, reported that 
animals receiving dexamethasone were at significantly higher risk for complications including 
urinary tract infections and diarrhea compared to animals treated with other corticosteroids or 
with no corticosteroids. In addition to the higher complication rate, no benefits of dexamethasone 
were identified when outcomes between the groups were compared. (Levine et al., 2008)  
Regardless of the lack of clinical evidence, treatment with dexamethasone, prednisone, or non-
steroidal anti-inflammatories is commonly performed as a component of medical management. 
Other immunosuppressive agents (mycophenolate, cyclosporine) have been suggested as options 
to control inflammation, but limited data regarding their use exists. (DiFazio & Fletcher, 2013; 
Olby, 2010) 
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Other medical therapies that have been examined include calcium, potassium, and 
sodium channel blockers, N-methyl-D-aspartate receptor antagonists, naloxone, polyethylene 
glycol, and thyrotropin-releasing hormone. These have been proposed based on their anticipated 
benefit at reducing excitotoxicity, stabilizing membranes, and improving neuroplasticity. None 
are regularly used clinically, either due to unacceptable side effects, or because of a failure to 
demonstrate efficacy in clinical patients. (DiFazio & Fletcher, 2013; N. Olby, 1999; Olby, 2010) 
Beyond the use of medications and immobilization, medical therapy involves diligent 
nursing care and bladder management for patients who are recumbent and/or incontinent. 
Sequelae such as bladder infections, pressure sores, and aspiration pneumonia are common in 
these patients, and contribute greatly to morbidity. Turning patients frequently, and housing them 
on clean, thickly padded bedding will help protect from ulcer formation, while keeping them 
upright particularly at meal times will help reduce the risk of aspiration. (Jeffery, 2010) Bladder 
management is a particularly important aspect of care. Animals that are unable to void must have 
their bladders emptied at least twice daily, either by manual expression, or through the use of 
catheterization. Even with diligent bladder care, urinary tract infections are common, particularly 
in patients who are paralyzed for extended periods and regardless of the method chosen for 
bladder emptying. (L. Bubenik & Hosgood, 2008; L. J. Bubenik, Hosgood, Waldron, & Snow, 
2007; Stiffler et al., 2006) Rehabilitation is also becoming an increasingly important aspect of 
recovery from spinal injury. (Drum, 2010) An appropriate rehabilitation plan can help speed 
recovery, increase strength, maintain joint health, and prevent muscle contracture. Great care 
must be taken, however, not to disrupt a spinal fracture or luxation with excessive activity. 
(Jeffery, 2010) 
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2.5 Surgical management of spinal fractures and luxations 
Surgical management includes many of the same principles as medical management, but 
additionally involves the use of surgery to decompress the cord, realign the vertebral column, 
and place implants to stabilize the affected site and promote fusion of vertebral segments. 
(DiFazio & Fletcher, 2013; Jeffery, 2010; Wheeler & Sharp, 1994) The decision to perform 
surgery is complex, and there is no consensus among veterinarians as to which patients are best 
served by surgery. Several factors play into the decision to recommend surgery, including the 
presence of other significant injuries, the animal’s neurologic status and whether it is changing or 
static, the presence of spinal compression on imaging, and the fracture configuration. (DiFazio & 
Fletcher, 2013; Tobias & Johnston, 2013) Several models have been presented to guide surgical 
decision making, and help provide guidelines for identifying unstable fractures. Most commonly 
used is the “3 compartment model” which divides the vertebra and supporting ligamentous 
structures into three sections: the dorsal compartment, which is made up of the spinous 
process, articular processes with the facet joint capsule, laminae, pedicles, interarcuate ligaments, 
interspinous ligaments, supraspinous ligaments, and intertransverse ligaments; the middle 
compartment, which includes the dorsal longitudinal ligament, dorsal portion of the annulus, 
and dorsal cortex of the vertebral body; and the ventral compartment, made up of the ventral 
cortex of the vertebral body, the nucleus pulposus, the ventral aspect of the annulus fibrosus, and 
the ventral longitudinal ligament. If more than one compartment or the ventral compartment 
alone is disrupted, the fracture is considered unstable, and the patient is likely a candidate for 
surgery. (Shores, 1992) Another model examines three specific structures: the intervertebral disk, 
the vertebral body, and the articular facets. These three structures were chosen due to their 
importance in resisting forces acting upon the spine: the vertebral body resists bending and axial 
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compression, the disk resists rotation and lateral bending, and the articular facets resist all forces. 
Fractures involving two or more structures or the vertebral body alone are likely unstable.  
(Wheeler & Sharp, 1994)  
Many different techniques for spinal stabilization have been described. Some of the 
earliest reports were published in the 1950s and describe the use of metal plates applied to the 
spinous processes. (Hoerlein, 1956; Kavit, 1958) Since then many other techniques have been 
published: dorsal plating with flexible plastic plates, spinal stapling, segmental fusion, lateral and 
ventral plating with a variety of locking and non-locking bone plates, facet joint pinning/screw 
fixation, the use of pins or screws with polymethylmethacrylate (PMMA), and external fixation. 
(Krauss et al., 2012; McAnulty et al., 1986; Rischen et al., 1987; Shores et al., 1989; Swaim, 
1971; Tobias & Johnston, 2013; Voss & Montavon, 2004 ; Wheeler et al., 2007) In addition to 
stabilization, surgical treatment often involves decompression, most commonly by a 
laminectomy in the thoracolumbar spine, or possibly by a ventral slot in the cervical spine.  
In general, implants applied to the dorsal aspect of the vertebral column are less 
biomechanically sound than implants placed to stabilize the vertebral body. They are less able to 
resist bending forces, and rely on apposition to the delicate spinous processes and articular 
facets, risking failure of the repair. (Nunamaker, 1985; Tobias & Johnston, 2013) They may be 
used to augment another primary repair or aid in reduction (i.e., facet pinning), but are rarely 
used as a sole method of fixation. The two techniques that have found most widespread use due 
to their utility, low maintenance post-operative care, and reliable results are vertebral body 
plating and pin with PMMA fixation. Pin and PMMA fixation, in particular, is widely applicable 
to patients of many different sizes and to essentially any location along the spine.  
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 The technique for stabilization using pins and PMMA was first described in 1975 by 
Rouse and Miller in two dogs, by Blass and Seim in 1984 in 17 dogs, and by Wong and Emms in 
their report of four cases, three in dogs and one in a cat. (Blass & Seim, 1984; Rouse & Miller, 
1975; Wong & Emms, 1992) Three of the patients in the Wong and Emms paper had injuries in 
the thoracolumbar region, while one had a cervical fracture, demonstrating in a single paper how 
readily adaptable the technique is to different patients. For thoracolumbar lesions, a standard 
dorsolateral approach was recommended. The fracture or luxation should be reduced by gently 
manipulating the vertebrae and, if necessary, putting traction on the head and pelvis, then pins 
can be placed across the facet joint to maintain reduction. This stabilizes the spine adequately to 
allow a decompressive procedure to be performed if necessary. Afterwards, pins are placed at an 
angle of 30º relative to the sagittal midline, and at 30º relative to the transverse plane. The caudal 
pin is directed caudoventrally, while the cranial pin is directed cranioventrally, in order to 
maximize bone purchase. The tissues are carefully protected, and PMMA is placed around the 
protruding tips of the pins, leaving a central hole if a laminectomy was performed. (Blass & 
Seim, 1984; Rouse & Miller, 1975; Wong & Emms, 1992) The authors recommend 20g for 
small dogs and 40g for large dogs (Blass & Seim, 1984). All patients in the Wong and Emms 
study and all but one of the patients in the Blass and Seim study regained the ability to ambulate, 
although complications of pin migration, wound infection, skin irritation over the site, and 
seroma were reported. (Blass & Seim, 1984; Wong & Emms, 1992) 
Since the technique was described, multiple other papers have been published reporting 
on the use of pins and PMMA. A study by Garcia et al. looked at five different configurations of 
pins and screws with PMMA in cadaver spines: four pins angled away from the fracture, eight 
pins angled away from the fracture, four pins angled towards the fracture, eight pins angled 
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towards the fracture, and four screws angled away from the fracture. The different constructs 
were compared to the intact spine. The constructs with eight pins were significantly stronger than 
those with four, and the group with the pins angled away from the fracture site was the stronger 
of those two. Of the four pin constructs the opposite was true: the group with pins angled 
towards the fracture site was stronger than the group with four pins angled away from the 
fracture. The screw-PMMA construct was weaker than all other groups. (Garcia et al., 1994) 
The strength of a PMMA construct has also been compared to the strength of a locking 
plate construct. Sturges et al. compared canine cadaver vertebral columns stabilized bilaterally 
with threaded pins and PMMA to spines stabilized with a unilateral locking plate and to intact 
spines. The PMMA group was stronger than the locking plate group and more effective at 
reducing range of motion, and both groups with implants were stronger than the intact vertebral 
column. (Sturges et al., 2016) The type of pin used has been shown to play a role; threaded pins 
have been shown to have greater pull out strength than smooth pins, and constructs using them 
have greater stiffness. (Anderson et al., 1993; Koehler et al., 2005) 
While the original description of the technique and most reports since then have 
described a dorsolateral approach and bilateral stabilization, another paper has recently reviewed 
unilateral stabilization. Hall et al. described using a lateral approach to the spine and placing pins 
with PMMA unilaterally. Biomechanical testing comparing the unilateral  specimens with a 
group of specimens treated with a standard dorsal/bilateral stabilization, and found that the 
unilateral group was not inferior to the bilateral group. Potential benefits discussed in the paper 
include less soft tissue disruption, particularly dorsally, easier closure of the skin over the 
PMMA, and easier visualization of the vertebral body. (Hall et al., 2015) In a clinical study 
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looking at 8 cats with vertebral fractures a dorsal approach was made in 5 cats and a lateral 
approach in 3 cats, with similar results noted. (Vallefuoco et al., 2014) 
Identification of the vertebral body and landmarks for implant insertion are critical points 
during spinal stabilization where implants are used to engage the vertebral body. Particularly in 
small animals, the desired area of placement is quite small, and is bordered by critical structures 
(the spinal cord within the canal, the great vessels and thoracic or abdominal viscera immediately 
ventral). Several papers have looked at defining safe corridors for implant placement. In general, 
for a dorsolateral approach in the thoracolumbar region, it is recommended to insert implants at 
the level of the transverse process or tubercle of the rib, and maintain a trajectory of 30-60º from 
the sagittal midline. (Tobias & Johnston, 2013; Watine et al., 2006; Wheeler et al., 2002; Wong 
& Emms, 1992) For the papers discussing a lateral approach, Hall et al. recommended an 
insertion angle of 75º, while Vallefuoco et al. recommended inserting implants at 90º to the 
sagittal midline. The insertion points recommended for lateral approaches are the same as for the 
dorsolateral approaches, and the authors propose a benefit over the traditional 30-60 degree 
trajectory because the pins exit the vertebral body into the surrounding lateral epaxial or hypaxial 
musculature, rather than at the directly ventral aspect of the vertebral body where the great 
vessels and abdominal or thoracic viscera are located. (Hall et al., 2015; Vallefuoco et al., 2014)  
Even with the guidelines recommended for implant insertion, imaging is recommended 
post-operatively to look for evidence of impingement of implants on critical structures. The 
incidence of implant placement errors is not known in veterinary patients. It is likely that not all 
animals with canal impingement will show a change in their neurologic signs; in humans, canal 
penetration of as much as 4-8 mm has been reported without an impact on clinical outcome. 
(Gertzbein & Robbins, 1990) While post-operative imaging is recommended, depending on the 
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modality chosen it may still be challenging to identify misplacement of implants. Hettlich et al. 
performed a study evaluating the sensitivity and specificity of radiographs and CT for identifying 
canal penetration for pins placed in canine cadaver spines. CT was significantly more sensitive 
than radiographs at identifying canal penetration (93.4% vs 50.7%, respectively). Both were 
similar with regards to specificity, 82.9% for radiographs and 86.4% for CT. Therefore, CT is 
recommended for post-operative evaluation of implant placement. (Hettlich et al., 2010)  
Timing of surgery presents additional challenges. Many trauma patients are systemically 
unstable, and may not tolerate anesthesia well. Hypotension while anesthetized may also worsen 
ischemia to the cord. However, particularly for unstable fracture configurations, delaying surgery 
risks further injury to the cord, and requires restraint and intensive management for the patient. 
In humans, improvements in outcome have been noted in spinal fracture patients who received 
earlier intervention. (Croce et al., 2001; Fehlings & Perrin, 2006; La Rosa et al., 2004) While 
outcomes have not been compared in veterinary patients with spinal fractures, improvements in 
outcome are described in nociceptive negative patients with intervertebral disk herniations taken 
to surgery within 24-48 hours of loss of sensation. (Duval, Dewey, Roberts, & Aron, 1996; Scott 
& McKee, 1999) Due to these findings and the difficulties of hospitalization, surgery is generally 
recommended for veterinary patients once they are stable enough to tolerate the procedure.     
 
2.6 Outcome of spinal fractures and luxations 
 Prognosis of spinal fractures and luxations is most closely tied to the presenting 
neurologic status. In general, the presence of intact nociception at presentation is associated with 
a good prognosis, while its absence is a very poor sign. Several papers have reported on 
outcomes for spinal fracture patients treated surgically. Olby et al. looked at 87 dogs presenting 
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with loss of pain sensation due to either spinal trauma or intervertebral disk extrusion. Two out 
of nine dogs presenting with traumatic injuries regained the ability to walk, compared to 44 out 
of 64 with disk extrusions. This finding demonstrates the difference between the two patient 
populations, as promptly treated dogs with absent nociception due to disk disease have a higher 
recovery rate than patients with fractures or luxations. (Olby et al., 2003) For animals with intact 
sensation, outcomes reported tend to be much more positive. In a paper looking at dogs 
presenting with cervical fractures, Hawthorn reported that 89% of the dogs treated non-surgically 
recovered, along with 100% of those treated surgically. (Hawthorne et al., 1999) A retrospective 
study from McKee reported significant improvement in 94.4% of conservatively managed cases 
compared to 87.5% of surgically managed cases. (McKee, 1990) In a study of 8 cats presenting 
with fractures of the thoracolumbar region, 6 attained good to excellent function following 
surgical fixation. All cats had intact pain sensation at the time of surgery. (Vallefuoco et al., 
2014) Another study out of Switzerland looked at a population of dogs and cats with a range of 
neurologic dysfunction on presentation, and reported functional or excellent outcomes in 39% of 
cats, and 44% of dogs, with the rest of the animals described as having a poor outcome (61% of 
cats and 56% of dogs). The animals were treated with a range of surgical and conservative 
techniques. (Bali et al., 2009) 
  
2.7 Spinal injuries in rabbits  
 Several anatomic studies have been published reviewing the anatomy of the spinal cord 
and vertebral column in rabbits. The rabbit vertebral formula is commonly reported as: cervical 
8, thoracic 12, lumbar 7, and sacral 4, but there is variation between individuals, and different 
resources report alternative numbers. A 2001 study of 64 rabbits reported that 43.8% of the 
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individuals had 12 thoracic and 7 lumbar vertebrae; 32.8% had 13 thoracic and 6 lumbar, and 
23.4% had 13 thoracic and 7 lumbar. (Greenaway et al., 2001)  In 15 rabbits with at least one 
13th rib, the 13th rib was rudimentary or only present on one side. (Greenaway et al., 2001)  Other 
sources report 7 cervical vertebrae rather than 8. (Osofsk et al., 2007) It is also possible that 
different breeds of rabbits may have different numbers of vertebrae, but this has not yet been 
examined, and most studies are performed using New Zealand white rabbits.  
 Like other domestic species the rabbit’s spinal cord is slightly shorter than the length of 
the vertebral column, and terminates to form the cauda equina between the first and third sacral 
vertebra. In the majority of animals (79.3%) the cord terminates at the level of S2, but in 19% of 
animals, particularly those with extra thoracic or lumbar vertebrae, it may terminate at S1, and in 
a small number (1.7%) it terminates at S3. (Greenaway et al., 2001)  Generally the first three 
sacral vertebrae are fused in rabbits; the fourth may be fused or separate. (Osofsk et al., 2007) 
Formulas have been developed to predict the length of the spinal cord within 2.3% based on the 
length of the vertebral column and the number of thoracic and lumbar vertebrae present; 
however, no correlation has been identified between spinal cord length and age, sex, or weight. 
(Greenaway et al., 2001) 
 The rabbit spinal cord gives off spinal nerves, which have a similar anatomy to dogs and 
cats, and the same naming convention used in other species has been utilized in rabbits to 
identify them. The C1 spinal nerve exits through the lateral vertebral foramen of the atlas and the 
remainder of the cervical spinal nerves are named by the vertebra they are cranial to where they 
exit the intervertebral foraminae. (Osofsk et al., 2007)  This continues until the level of the first 
thoracic vertebra. In animals with seven cervical vertebrae, the spinal nerve emerging between 
C7 and T1 is named C8; after that point the nerves are named by the vertebra cranial to them 
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(i.e., the T1 spinal nerve emerges between vertebrae T1 and T2). (Osofsk et al., 2007)  The 
appropriate name for this nerve in an animal with 8 cervical vertebrae has never been specifically 
reported; however, convention dictates that it should be named C9.  
 In the lumbar region, the spinal nerves coalesce to form the large femoral, sciatic, 
obturator, and pudendal nerves. In a typical animal with 12 thoracic and 7 lumbar vertebrae, the 
femoral nerve is composed of contributions from the L4, L5, and L6 spinal nerves; the obturator 
nerve from the L6 and L7 spinal nerves, the sciatic from the L6, L7, S1, and S2 spinal nerves, 
and the pudendal nerve from the S2 and S3 spinal nerves. (Greenaway et al., 2001)  Animals 
with six lumbar vertebrae have slightly different anatomy; the femoral nerve in these rabbits 
have the contributions from the L3, L4, and L5 spinal nerves; the obturator nerve from the L5 
and L6 spinal nerves, and the sciatic from the L5, L6, S1, S2, and S3 spinal nerves. (Greenaway 
et al., 2001) The spinal nerve anatomy of rabbits with greater than 7 lumbar vertebrae has never 
been reported.  
 The vascular supply to the spinal cord has also been examined. In the cervical region, the 
paired vertebral arteries run adjacent to the vertebral column through the lateral vertebral 
foraminae. These anastomose to form the basilar artery, and give off the ventral vertebral artery, 
which may arise from the left (35%), right (40%), or both vertebral arteries (25%, with a short y-
configuration before a single ventral vertebral artery is formed). (Mazensky et al., 2012) Along 
the length of the cervical spine, the vertebral arteries give off small spinal branches that enter the 
vertebral canal through the intervertebral foraminae. These give off a dorsal and ventral branch. 
The ventral branches anastomose with the ventral vertebral artery, while the dorsal branches may 
anastomose with two dorsal vertebral arteries, although these are not present in all individuals or 
along the entire length of the cervical cord. The spinal branches are irregular, and are not present 
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at every intervertebral disk space (20-70% of the time for a given site and side). (Mazensky et 
al., 2012) 
 The blood supply in the thoracolumbar region varies from the cervical region. The left 
and right rami spinales vessels enter the canal via the intervertebral foramen, and give off dorsal 
and ventral branches. The ventral branches anastomose with the ventral vertebral artery, while 
the dorsal branches, as in the cervical region, vary between animals. In 70% of animals two 
dorsal longitudinal branches are present, while in 20% these are absent either entirely or over 
some length of the thoracolumbar region. Additionally, of the 10 animals examined by 
Mazensky et al., a single rabbit had three dorsal vertebral arteries. (Mazensky et al., 2012)  
 Rabbits have long been recognized to be at risk for spinal injury. Their bone structure, 
while small and delicate, supports a comparatively large muscle mass, particularly in the 
hindquarters. Vigorous activation of this musculature allows rabbits to attain high speeds when 
attempting to escape predators; however, the strength of the muscle activation may apply enough 
stress to the spine to cause fracture or luxation. (Baxter, 1975; Gruber et al., 2009; Harcourt-
Brown, 2002; Quesenberry & Carpenter, 2011; Whittington & Bennett, 2011) Classically, this is 
associated with improper restraint; a restrained rabbit struggles and kicks out, causing 
hyperextension of the spine around the axis of the lumbosacral junction and resulting in bony or 
ligamentous failure. These injuries are most commonly located in the caudal lumbar region, and 
are frequently comminuted, high energy fractures. While inappropriate restraint is often 
mentioned, any event in which the rabbit abruptly activates its hind limb muscles may cause 
similar results. (Baxter, 1975; Gruber et al., 2009; Harcourt-Brown, 2002; Quesenberry & 
Carpenter, 2011; Stiff & Roe, 1962; Whittington & Bennett, 2011) Injury is also possible with 
other situations, such as falls, attacks from other animals, or blunt trauma, and fractures or 
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luxations related to these may be located anywhere along the vertebral column. Additionally, 
non-traumatic conditions such as intervertebral disk disease, infectious diseases, neoplasia, 
demyelinating conditions, and metabolic disturbances have been reported to cause paresis in 
rabbits. (Baxter, 1975; Gruber et al., 2009; Harcourt-Brown, 2002; Quesenberry & Carpenter, 
2011; Stiff & Roe, 1962; Whittington & Bennett, 2011) A 1975 publication described four cases 
of hind limb paralysis, of which two were due to spinal fractures and two to intervertebral disk 
disease. (Baxter, 1975) In a study of 118 rabbits presented to a veterinary teaching institution and 
identified to have neurologic dysfunction, only 2 were diagnosed with a spinal fracture. (Gruber, 
et al., 2009)  
 The appropriate technique for performing a neurologic examination on a rabbit has been 
described, and in general is similar to the approach used when examining dogs and cats. 
Particular care must be taken not to stress the animal, and to support the back carefully when 
laying it in lateral recumbency to examine the limbs. Due to the rabbit’s status as a prey animal, 
neurologically normal animals may freeze during the exam, and may show absent placing and 
menace responses. Other proprioceptive, myotatic, and cranial nerve findings are similar in 
normal rabbits to what is expected in other companion species. (Vernau et al., 2007)  
 If a spinal lesion is suspected, imaging should be performed, with the same diagnostic 
options available for rabbits as for dogs and cats. Often spinal fractures or luxations can be 
diagnosed on radiographs; however, for subtle lesions or non-traumatic etiologies, advanced 
imaging may be required. Myelography has been described for rabbits, which may help highlight 
or rule out compressive lesions. (Whittington & Bennett, 2011) Although the spinal cord 
typically terminates in the sacral region in rabbits the injection sites of L5-6, L6-L7, or L7- S1 
are recommended and have been shown to be tolerated. A non-ionic iodinated contrast medium 
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is used, typically at a dose of 50-100mgI/kg. As in other species, complications such as seizures, 
worsening neurologic status, and infection may be observed. (McCullough et al., 2012, 
Whittington & Bennett, 2011) If plain films with or without myelography do not demonstrate a 
lesion, further imaging via CT or MRI may be pursued, as well as CSF analysis. Normal rabbit 
CT and MRI findings have been described. (Krautwald-Junghanns, Pees, & Reese, 2010) The 
sensitivity of different diagnostic options at identifying spinal trauma has not been reported in 
rabbits.  
 Once a spinal fracture or luxation has been identified, treatment options can be 
considered. The literature regarding treatment of spinal fractures in rabbits is sparse. Most texts 
limit discussion of treatment options to only medical management. (Baxter, 1975; Harcourt-
Brown, 2002; McCullough et al., 2012; Quesenberry & Carpenter, 2011; Stiff & Roe, 1962) 
Surgical options are frequently not discussed at all, or are dismissed as unlikely to produce a 
favorable outcome. In many clinical cases, euthanasia is recommended due to perceived limited 
options and guarded prognoses. (Delamaide-Gasper et al., 2014; McCullough et al., 2012) 
A single case report has been published detailing the medical treatment of a 2 year old 
Holland lop rabbit. (McCullough et al., 2012) This rabbit kicked out while being held by its 
owner and fell to the ground, becoming acutely non-ambulatory in the hind limbs. Radiographs 
and a myelogram were performed, revealing a fracture of the T9 vertebral body with subluxation, 
as well as subluxation at the T5-T6 and L3-L4 disk spaces and fracture of the L3-L4 articular 
facets. The rabbit was hospitalized for four days, and treated with IV fluids, meloxicam, and 
oxymorphone. A urinary catheter was placed initially, but was not replaced after the patient 
removed it. Instead, urine production was monitored and the bladder palpated. The rabbit was 
also syringe fed regularly and monitored for appropriate fecal production. During the time in the 
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hospital, the patient’s comfort status improved, and it began eating and drinking normally, but 
only very minor neurologic improvement was noted (return of minimal voluntary motor in one 
rear leg). The patient was discharged with instructions for continued nursing care at home, 
including 6 weeks of segregation from other pets and strict cage rest. At home, the owners noted 
continued gradual improvements, and within three weeks the rabbit had regained the ability to 
ambulate. A recheck appointment was made at 12 weeks post-injury, and at that visit the patient 
was only mildly paretic, and was estimated to have regained 85-90% of its normal hind limb 
function. (McCullough et al., 2012)  
Surgery was not considered an option for this patient due to concerns for complications 
related to the procedure. Instead, the treatment plan focused on controlling pain/inflammation, 
limiting activity, and ensuring the hydration status, food intake, and urine output remained 
normal. The goals of treatment were to maximize perfusion of the spinal cord, limit secondary 
injury and additional mechanical injury, maintain comfort, and reduce the risk of sequelae such 
as gastrointestinal stasis or urine scald. (McCullough et al., 2012) This case demonstrates the 
utility of medical management, even in some patients that are severely affected (the rabbit in this 
case was paraplegic with intact nociception only in one limb).  
Beyond this case, there is little information available on outcomes of medical 
management. In a series of four cases, another author describes a two-year old male rabbit who 
became acutely paraplegic after being chased by a dog. The rabbit was diagnosed with a fracture 
of the fourth lumbar vertebra, and was cared for at home for approximately one month after the 
injury. No return in function was noted during that time, and the rabbit mutilated its tail and 
perineal region, leaving a large wound. It was euthanized at that point. No details were provided 
about the care the rabbit received at home. (Baxter, 1975) In other reports of spinal fractures the 
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patients are euthanized immediately, or the authors do not report case outcomes. (Baxter, 1975; 
Gruber et al., 2009; Stiff and Roe, 1962)  
There are no published reports of spinal stabilization in the rabbit following a spinal 
fracture or luxation. However, a single case report exists describing surgical vertebral 
stabilization of a rabbit. An 8-month old miniature lop presented for a three day history of 
progressive hind limb ataxia. (Delamaide-Gasper et al., 2014) Imaging (a CT myelogram) was 
performed, which revealed bilateral synovial cysts at the T12-L1 disk space causing spinal cord 
compression. The rabbit’s neurologic status declined post-myelogram to the point where it was 
non-ambulatory and incontinent, and at that point surgical decompression was recommended. 
Decompression was achieved via a dorsal laminectomy with bilateral articular facet removal. 
Due to concern for instability post-operatively, the decision was made to stabilize the site using 
pins and PMMA. Two 1.1mm miniature interface pins were placed in both T12 and L1, two on 
the left and two on the right. The pins were inserted just dorsal to the transverse processes, and 
angled ventrally to engage the vertebral body. PMMA was placed around the pins to create two 
separate connecting bars, each with two pins. Post-operatively the rabbit slowly regained 
function in its rear legs, with the recovery plateauing at around 14 weeks. It regained continence 
and was ambulatory within several weeks, but continued to display a significant ataxia for the 
remainder of the follow-up period (37 weeks).  (Delamaide-Gasper et al., 2014) 
This case is currently the only published report of spinal stabilization in the rabbit, and 
demonstrates the feasibility of implant placement in rabbit vertebrae despite challenges of small 
bone size. The satisfactory outcome obtained in this case and that described by McCullough also 
indicate that appropriate pharmaceutical and nursing care can provide adequate comfort in these 
animals and avoid the development of GI stasis and urinary complications. The case report also 
31 
 
discusses the authors’ choice of pins with PMMA to stabilize the site, and presents the benefits 
of relative ease, low cost, and small size of the implants being suitable for the minimal bone 
stock available in rabbit vertebrae. Unfortunately, the description of the surgery is somewhat 
limited; the approximate angle of insertion for the pins is not described, nor is the amount of 
PMMA used to surround the pins, and it is not reported whether the pins were placed by hand or 
utilizing a driver, or what steps were taken to avoid impingement on adjacent critical structures. 
There are also several important differences between this case and the case of a rabbit who has 
sustained a vertebral fracture. Most significantly is the fact that the entire middle and ventral 
compartments were intact in this rabbit. The vertebral body and intervertebral disk contribute 
substantially to the stability of a vertebral segment, and the success in this case may be partially 
reliant on that fact. In a fracture case, where all three compartments may be disrupted, the 
strength of a similar construct may not be adequate to maintain stability during the healing 
period. Additionally, despite the fact that the rabbit appeared to have an acute onset of 
neurologic signs, the development of the synovial cysts was likely a chronic process. The 
development of a compressive lesion over time allows the neural tissue to adapt to the 
compression, and the rabbit may have had a different outcome than if the recovery was following 
an acute injury. In short, a great deal remains unknown about the utility, prognosis, and ideal 
technique for surgical stabilization in rabbits with spinal fractures.  
 
 
 
 
 
32 
 
CHAPTER 3 
MATERIALS AND METHODS 
3.1 Objectives  
 This study was designed to fulfill two objectives. The first was to evaluate a cohort of 
rabbits via computed tomography in order to determine if safe corridors for implant placement 
could be identified for the lumbar vertebrae and sacrum. The second was (assuming corridors 
could be identified) to determine if implant placement could be safely carried out using the 
previously determined corridors.  
 
3.2 Animals  
Twenty New Zealand white rabbit cadavers were obtained from a commercial supplier. 
The animals were delivered fresh, on dry ice, to limit the effects of autolysis. The cadavers were 
weighed and information about sex and body condition score was recorded, then all animals 
were tagged for identification and the pre-placement CT scans were performed.   
 
3.3 Imaging  
All cadavers were positioned in right lateral recumbency and imaged using a 16 slice 
helical CT scanner using the following parameters: kV of 80-120kvp, mA of 180-220, slice 
width (SW) of 1.125mm (with 0.625mm overlap), scan field view of 25cm, 512 x 512 matrix, 
collimator pitch of 0.9 and rotation time of 0.8s.  Following completion of the pre-placement 
imaging the animals were stored in a 0ºF freezer while the corridor measurements were 
performed. Data was acquired in the transverse plane, then the OsiriX multiplanar reconstruction 
tool was utilized to dynamically generate additional dorsal and sagittal viewing planes.  
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3.4 Pre-placement measurements 
The terminal thoracic vertebra (T12) and each lumbar vertebra from each rabbit were 
assessed individually, in both the transverse and sagittal planes. Each vertebra was centered in all 
planes prior to assessment by adjusting the cross-reference lines to align with the axis of that 
particular vertebral body, in order to eliminate artifact due to spinal curvature. Using the 
corrected transverse viewing plane, the vertebral body height and body width were measured at 
the cranial and caudal aspects of each vertebra. Next, the total vertebral body length and the 
length of each end plate were recorded at the midline of the bone using the sagittal viewing plane 
(Fig 1). Anatomic variations, such as sacralization or numbers of thoracic or lumbar vertebrae 
differing from the standard rabbit formula of 8 cervical vertebrae, 12 thoracic vertebrae, 7 
lumbar vertebrae, and 4 sacral vertebrae were recorded.  
Following the collection of the vertebral size data, the vertebrae were again assessed in 
the transverse plane to determine the safe corridor for implant insertion within the body of the 
vertebra. A standard dorsolateral approach to the spine was assumed, with pin entry points 
between the accessory process and the dorsal aspect of the transverse process or tubercle of the 
rib, based on recommendations reported for dogs and cats. (Tobias & Johnston, 2013; Watine et 
al., 2006; Wheeler et al., 2002; Wong & Emms, 1992) The minimum and maximum safe angles 
of insertion were recorded, along with the averaged length of the corridor at these angles and the 
width of the corridor (Fig 2).  
  For the sacrum, the pedicles were assessed to determine the safe corridor. An insertion 
angle parallel to the sagittal midline was assumed, and the width of the pedicles and average 
height of the corridor were recorded (Fig 3).  
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Finally, the distance from the ventral aspect of the vertebral body to the underlying 
vasculature or digestive structures was recorded. A single investigator performed all 
measurements to minimize interobserver variation. 
 
3.5 Implant placement and post-placement imaging 
Once the corridor measurements were complete, the animals were thawed to complete the 
second phase of the study. A random number generator (www.random.org) was used to place the 
cadavers in the order they would be dissected. All cadavers were placed in sternal recumbency 
with the hind limbs tucked and a bilateral dorsolateral approach to the thoracolumbar spine and 
sacrum was made. (Fig 4) A random number generator was used to select four sites for pin 
insertion along the vertebral column for each cadaver. Based on the findings from the first stage 
of the study, smooth 0.045” Kirschner wires were inserted into each selected vertebra at an angle 
of 60 degrees from the sagittal midline for the thoracolumbar vertebrae, and parallel to the 
spinous process for the sacrum. Reflection of the epaxial musculature allowed visual 
identification of anatomic landmarks to determine the entry point just dorsal to the transverse 
process or tubercle of the rib. A 0.035” Kirschner wire was used to determine the location of 
endplates by walking it off the cranial and caudal aspects of the vertebral body. A goniometer 
was used to bend a Kirschner wire to 60 degrees, which was placed along the spinous processes 
of the vertebral bodies and used as a fixed angle measure to guide pin insertion. A length of one 
centimeter from the trocar tip was marked on each pin to indicate the desired insertion depth 
(chosen based on the corridor measurements). All pin insertions were performed by the same 
experienced surgeon. For L6 and L7, it was not always possible to insert pins at exactly 60 
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degrees, due to the presence of the ilial wings. In these cases, pins were inserted as close to the 
desired angle as possible.  
Following pin insertion, the cadavers were reimaged using the same CT imaging 
protocol. Each pin was assessed for appropriate placement. (Fig 5) The angle of insertion and 
length of the insertion corridor were measured. Errors of insertion, such as penetration of the 
vertebral canal, failure to engage the vertebral body, and impingement on adjacent soft tissue 
structures were also recorded. 
 
3.6 Statistics 
 Continuous variables were assessed for normality using the Shaprio-Wilk test. If 
normally distributed, data were described with mean and standard deviation. If non-normally 
distributed, the median and interquartile range were used to describe the data. Categorical 
variables were described with percentages, and 95% binomial confidence intervals (CI) were 
calculated when appropriate. Fisher’s exact test was used to determine if additional lumbar 
vertebrae or sacralization were associated with sex, or if one anomaly was associated with the 
other. A mixed linear model was used to assess the pin insertion angles measured in Stage Two 
and look for an effect of which vertebra was engaged on the angle obtained. The response 
variable was angle, the random effect grouping variable was vertebrae, and rabbit was the 
random subject variable. The sacrum was not included because the target angle 0º differed by 
design from the target angle (60º) for the other vertebrae. There were no fixed effects in the 
model. P-values for pairwise comparisons of vertebrae were adjusted using Tukey’s HSD 
method. 
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The criterion for statistical significance was α < 0.05. The statistical analysis was 
performed with commercially available statistical software c. (IBM Corp. Released 2015. IBM 
SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp.). 
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CHAPTER 4 
RESULTS 
Eleven male and nine female rabbits were examined. Four of the rabbits had eight lumbar 
vertebrae and the remainder had seven. Six rabbits had sacralization of their terminal lumbar 
vertebra. No other vertebral variations or abnormalities were identified.  
 The vertebral length, width, and height data is presented in Table 1. Due to the small 
number of rabbits with 8 lumbar vertebrae, L8 was excluded from analysis.  
The cranial and caudal endplates were an average of 3.14 and 3.30 mm in length, 
respectively. Individual endplate data is shown in Table 2.  
The mean safe corridor angle was 62.9 degrees (range 58.8-66.7), and the mean width of 
the corridor was 2.03 mm (range 1.60- 2.35). Minimum and maximum safe angles were recorded 
for each vertebra, with an average maximum angle of 75.9 degrees (range 71.1- 79.8), and 
minimum angle of 47.9 degrees (range 43.9- 51.7). (Table 3) 
For the sacrum, the pedicles had an average width of 3.49 mm (+/- 0.42), and the average 
length corridor was 7.05 mm (+/-0.58).  
The aorta and its branches were reliably the most dorsal structures in the abdomen, while 
the colon was the most dorsal structure within the pelvic canal. The aorta was an average of 5.04 
mm ventral to the vertebral body in the cranial and mid lumbar regions, and the iliac branches 
and colon were an average of 2.61 mm ventral to the terminal lumbar vertebra and sacrum. 
(Table 4).  
Following pin placement, the average insertion angle and corridor length for each 
vertebra was obtained (Table 5). All angles were less than the target angle of 60 degrees, and the 
angles obtained in L6 and L7 were significantly different from T12-L5, but not from each other 
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(p= 0.0001). In the sacrum, the goal was an angle of 0 degrees from the sagittal midline 
(parallel). The mean angle obtained was 5.9 degrees (+/- 5.5 degrees).  
Out of the 80 pins placed, 18 impinged on critical structures, most commonly the 
vertebral canal, which accounted for 77.8% of the incidences of impingement. Additionally, 10 
pins failed to engage adequate bone purchase, and instead only engaged the transverse process or 
grazed the edge of the vertebral body. Of those 10 pins, 6 were in either L7 or L6. The errors of 
implant placement observed are summarized in Table 6. There was no difference in frequency of 
placement errors in the caudal spine compared to the cranial sites (p= 0.91). However, when the 
errors were broken down into “miss” errors, in which inadequate bone was purchased, and 
‘impingement” errors, in which either the canal or an intra-abdominal structure was penetrated, 
there was a subjectively higher (but not statistically significant) number of miss errors compared 
to impingement errors.  
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CHAPTER 5 
DISCUSSION 
By examining the safe corridors available for implant placement, this study provides a 
first step in developing recommendations for treating spinal fractures and luxations in rabbits. 
Numerous studies in dogs and cats have looked at safe corridors and optimal insertion angles, 
providing a starting point for further investigation. Wong and Emms described the use of pins 
and PMMA in three dogs and one cat, and recommended inserting the pins between the 
accessory and transverse processes at angles of 30-35 degrees from the dorsal midline, and 30-35 
degrees in the transverse plane, so that the cranial pin is directed cranioventrally, and the caudal 
pin is directed caudoventrally. (Wong & Emms, 1992) Slightly different numbers were obtained 
in a 2002 canine study from Wheeler et al. where an insertion angle of 60 degrees was 
recommended, with the pins inserted just dorsal to the transverse processes. (Wheeler et al., 
2002) Most recently, an imaging study by Watine et al examined the CT scans of 35 dogs and 
reported the dimensions of the safe vertebral corridors, echoing the findings of Wheeler et al in 
recommending insertion angles of 60 degrees. (Watine et al., 2006) A similar study has also been 
performed in cats, and optimal insertion angles of 90 degrees were reported, with a follow-up 
study reporting good to excellent outcomes in 80% of cats utilizing this insertion angle. 
(Vallefuoco et al., 2013; Vallefuoco et al., 2014) 
A standard dorsolateral approach to the spine was elected due to its ease and the 
frequency with which it is performed allowing familiarity with anatomy. CT analysis revealed 
that an insertion angle of approximately 60 degrees is appropriate in rabbits, similar to dogs and 
cats. However, while the entire length of the vertebral body may be engaged in other species, and 
it is recommended to place implants at an angle relative to the transverse plane, the “hourglass” 
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anatomy of rabbit vertebrae limits this. The bone stock is chiefly contained in the narrow cranial 
and caudal endplates, while in the mid-body of the vertebrae the bone thins to the point where it 
is unsuitable for bone purchase (Fig 6). For this reason the cranial and caudal limits of the 
corridor are defined by the width of the endplates (presented in Table 2). It is also necessary to 
place implants perpendicular to the long axis of the vertebra, as angling the pins risks exiting the 
endplate and decreasing the length of bone engaged or impinging on the intervertebral disk. 
The Delamaide Gasper et al. paper discussed the use of pins and PMMA, highlighting the 
benefits of relative ease, low cost, and suitability for the minimal bone stock available in rabbit 
vertebrae. (Delamaide Gasper et al., 2014) This fixation method has been studied and used 
extensively in dogs and cats due to its high applicability, and has been reported to have reliable 
outcomes. (Anderson et al., 1993; Blass & Seim, 1984; Delamaide Gasper et al., 2014; Garcia et 
al.,1994; Rouse & Miller, 1975; Wong & Emms, 1992) We chose 0.045 inch (1.143 mm) pins 
after observing that the average corridor width was 2.03 mm on the pre-operative measurements. 
Smooth pins were used as the study was only evaluating placement. In clinical cases, threaded 
pins may be preferred to improve construct stiffness; however higher risk of soft tissue 
impingement has been reported with positive profile threaded pins. (Anderson et al., 1993; 
Koehler et al., 2005)  
When the second phase of the study was completed, 35% of the sites demonstrated errors 
of placement. Most commonly, the pins penetrated the vertebral canal (Fig 7). In other cases, the 
pins failed to engage the vertebral body entirely, only passing through the transverse process or 
skimming the outer cortex. All mean pin placement angles were below 60 degrees, but all fell 
within the range of minimum and maximum safe angles calculated for each vertebra. Because of 
this, the most likely cause of pin placement errors was failure to accurately identify the pin 
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insertion site. Figure 7 demonstrates this phenomenon: the trajectory maintained when placing 
the imaged pin would have been appropriate to engage the vertebral body, however, the starting 
point of insertion was too dorsal, and canal impingement occurred.  
In dogs and cats, unless advanced imaging is used, surgeons rely solely on anatomic 
landmarks for pin placement, inserting the pin between the accessory process and transverse 
process or tubercle of the rib. (Blass & Seim, 1984; Tobias & Johnston, 2013; Watine et al., 
2006; Wong & Emms, 1992) Computed tomography evaluation indicated that these landmarks 
would also be appropriate in rabbits; however, due to the small size of rabbit vertebrae, there is 
little room for error. Shifting slightly could start the pin on an incorrect trajectory, even if an 
appropriate angle was maintained. Further cadaveric studies are needed to better characterize the 
ideal site for pin insertion to reduce the risk of misplacement. It is unknown how the incidence of 
insertion errors compares to what is obtained in other companion animal species.  
To guide placement, a fixed angle measure was used. The fact that all placement angles 
consistently differed from 60 degrees indicates that this is not an adequate method. It is possible 
that it is difficult to visually estimate either when the angle measure is parallel to the spinous 
process, or when the pin is parallel to the angle measure, leading to a tendency to place the pin at 
an inaccurate angle. Pin placement angles obtained in L6 and L7 were significantly lower than 
the angles obtained placing pins in T12-L5. This was due to the need to work around the iliac 
wings. Despite this, caudal sites were not at an increased risk for canal penetration compared to 
the more cranial sites. 
Four pins impinged on ventral soft tissue structures; either the aorta (1 pin) or the 
digestive viscera (3 pins). The lower incidence of soft tissue impingement compared to canal 
impingement is likely due to protection of these structures by the well-developed hypaxial 
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musculature present in rabbits. The aorta was consistently the most dorsal structure in the 
abdomen until its terminus and was an average of 5.04 mm ventral to the vertebral bodies in the 
cranial and mid lumbar region, providing a margin of safety during implant placement. However, 
in the terminal lumbar region and ventral to the sacrum, the musculature thins and the iliac 
branches and colon are located much closer to the vertebral body. Therefore, particular caution 
must be used to avoid impinging on adjacent structures in this area. Even where the hypaxial 
buffer is present, injury may occur; two of the four incidences noted in this study were in the mid 
or cranial lumbar region. Driving the pins by hand may provide better tactical feedback and 
reduce the risk of complications, or marking the pins more clearly to provide a visual guide 
based on pre-operative measurements. Intraoperative imaging may also be used. 
When considering the pins observed to have a “miss” type error (i.e., the pin engaged 
inadequate bone in the vertebral body) there was a trend towards higher numbers of missed pins 
engaging L6 and L7, with six out of ten misses being located in this region. This was not 
statistically significant, but possibly with a larger number of animals a pattern may have been 
documented. It is possible that these errors occurred due to the need to adjust to a steeper angle 
to account for the presence of the ilial wing.   
We observed moderate variability between rabbits in our study, with some having 7 
lumbar vertebrae, others having 8, and many having sacralization of their terminal lumbar 
vertebra. Due to the variability possible between individuals, it will be important to carefully 
assess clinical patients preoperatively to plan appropriately for surgery. 
This study had multiple limitations. First, only one rabbit breed was examined. Variation 
in vertebral morphology between breeds may exist, which could complicate implant placement, 
as well as the previously noted variation between individuals. New Zealand white rabbits are 
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also a relatively large breed, and the challenges during implant placement may be even greater 
with a smaller rabbit breed. When performing the pre-placement measurements, corridor 
assessment was limited to the access provided by a dorsolateral approach; it is possible that the 
insertion angles provided by a lateral approach could provide advantages in terms of safety, but 
these angles were not assessed. A single observer performed all measurement, making it 
impossible to assess interviewer variation when reading the CT images. In particular, the post-
placement CT images could have been subject to errors of interpretation due to artifact from the 
metallic implants. The same observer performed pre- and post- placement measurements, 
possibly introducing bias.  
The results of this study suggest that while safe corridors for implant placement exist in 
rabbit thoracolumbar vertebrae, there is a high risk for errors of insertion due to limited working 
space. Further cadaver studies will be necessary to assess the repeatability of these 
recommendations, and to test the mechanical performance of implant constructs. It is likely that 
options for stabilization beside pins with PMMA could be safely used in rabbits, but not all 
techniques that are used in other species may be applicable. For example, several options in dogs 
such as spinous process plating or spinal stapling require placement of implants through or 
around the spinous processes, which in rabbits are very delicate and narrow, and may not provide 
adequate bone purchase or be strong enough to support the forces placed upon them without 
risking fracture. Vertebral body cross pinning would also likely not be a viable option, due to 
inadequate bone purchase available for the implants. External fixation may be an option, but is 
likely to be challenging, particularly if a closed technique is attempted, due to the small “target” 
of the safe corridor in rabbits. Management of the fixator following placement would also likely 
carry a unique set of difficulties in the context of a rabbit patient, with patient tolerance of the 
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device and its care and cleaning requiring innovation. After pins and PMMA, vertebral body 
plating is likely the best option for further investigation. There are a large number of plate types 
and systems available, and particularly with implants that can be contoured in multiple planes it 
is probable some can be adapted for use in the vertebrae of rabbits. The use of plates may 
eliminate some of the negatives associated with pins and PMMA, such as the difficult of closing 
over a large volume of cement and risk of pressure sores and infections associated with it, 
although the use of a plate will constrain implant placement to some degree, and may remain 
more challenging than pins. Further research is necessary to evaluate other stabilizing 
techniques.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
45 
 
CHAPTER 6 
CONCLUSIONS 
The present study allows us to conclude:  
• Safe corridors for implant insertion do exist in rabbit lumbar vertebrae.  
• Rabbit vertebrae are hourglass in shape, with the majority of the bone stock present in the 
cranial and caudal endplates, making these the most appropriate site for implant 
placement.  
• The endplates in the New Zealand white rabbit are approximately 3mm in length, 
meaning it is necessary to place pins parallel to the intervertebral disk to avoid exiting the 
endplate and decreasing bone purchase.  
• Within the endplates, utilizing an insertion point between the level of the accessory 
process and the transverse process or tubercle of the rib and maintaining a trajectory of 
approximately 60º will allow safe placement of implants in the vertebral body. 
• While safe corridors for implant placement exist in rabbit thoracolumbar vertebrae, there 
is a high risk for errors of insertion due to the small size of the bones and limited working 
space. 
• Errors encountered included failure to engage adequate bone, as well as impingement on 
important adjacent structures.    
In the future, additional cadaver studies will be required to better identify insertion points and 
again assess the validity of the corridor recommendations. Knowing the safe areas for implant 
placement, it is now possible to begin refining the technique for insertion in an effort to bring 
down the rate of misplacement. Further imaging studies will be beneficial to characterize the 
spinal anatomy of other rabbit breeds, and biomechanical studies will be the next step. 
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Eventually, the hope is to develop a safe, straightforward technique that will allow stabilization 
of fractures and luxations occurring in the lumbar region of domestic rabbits.  
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CHAPTER 7 
FIGURES AND TABLES 
 
 
 
 
 
Fig 2: The corridor is outlined 
in green. The black dashed 
lines depict the minimum and 
maximum insertion angles 
within the corridor, while the 
yellow line demonstrates the 
width of the corridor 
Fig 1: The dashed lines on the image demonstrate how the vertebral 
length, width, and height were measured 
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Fig 4: Cadavers post dissection and pin placement 
Fig 3: The red box shown on the image 
demonstrates the area of the sacrum assessed 
for implant placement 
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Fig 6: The three images above show a transverse slice taken through the (a) 
cranial endplate, (b) mid-body, and (c) caudal endplate of a single vertebra, 
demonstrating the paucity of bone stock in the mid-body 
Fig 5: Example of a post-pin placement CT image with dissected specimen 
comparison  
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Fig 7: Example of a pin penetrating the 
vertebral canal 
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Table 1:  Mean Vertebral Measurement Data 
 
Vertebra Cranial width 
+/- SD 
(mm) 
Cranial 
Height 
+/- SD 
(mm) 
Caudal width 
+/- SD 
(mm) 
Caudal 
Height 
+/- SD 
(mm) 
Length 
+/- SD 
(mm) 
T12 10.2 (+/- 
0.46) 
5.03 (+/- 
0.29) 
9.25 (+/- 
0.29) 
5.22 (+/- 
0.37) 
12.65 (+/- 
0.59) 
L1 8.9 (+/- 0.37) 5.26 (+/- 0.3) 9.7 (+/- 0.99) 5.31 (+/- 
0.28) 
14.19 (+/- 
0.82) 
L2 9.26 (+/- 0.6) 5.35 (+/- 0.3) 10.1 (+/- 
0.46) 
5.42 (+/- 
0.29) 
14.87 (+/- 
0.76) 
L3 9.39 (+/- 
0.51) 
5.4 (+/- 0.31) 10.7 (+/- 
0.51) 
5.49 (+/- 
0.27) 
15.81 (+/- 
0.54) 
L4 9.99 (+/- 
0.81) 
5.35 (+/- 0.3) 11.27 (+/- 
0.58) 
5.57 (+/- 
0.28) 
16.37 (+/- 
0.55) 
L5 10.88 (+/- 
0.66) 
5.66 (+/- 
0.28) 
12.01 (+/- 
0.64) 
5.72 (+/- 
0.33) 
16.09 (+/- 
0.64) 
L6 11.85 (+/- 
0.98) 
5.7 (+/- 0.27) 12.8 (+/- 
0.53) 
5.95 (+/- 
0.26) 
15.57 (+/- 
0.98) 
L7 13.16 (+/- 
1.11) 
5.82 (+/- 0.4) 13.18 (+/- 
1.1) 
6.11 (+/- 
0.28) 
14 (+/- 1.22) 
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Table 2: Mean Endplate Width Data 
 
Vertebra Cranial Endplate 
Width  +/- SD (mm) 
Caudal Endplate 
Width +/- SD (mm) 
T12 3.16 (+/- 0.40) 2.8 (+/- 0.48) 
L1 2.88 (+/- 0.37) 2.86 (+/- 0.47) 
L2 2.88 (+/- 0.32) 3.26 (+/- 0.83) 
L3 3.26 (+/- 0.45) 3.34 (+/- 0.37) 
L4 3.37 (+/- 0.39) 3.68 (+/- 0.42) 
L5 3.12 (+/- 0.42) 3.54 (+/- 0.56) 
L6 3.17 (+/- 0.28) 3.75 (+/- 0.36) 
L7 2.96 (+/- 0.41) 3.26 (+/- 0.53) 
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Table 4: Mean Distance to Vasculature +/- Standard Deviation 
 
Vertebra Cranial (mm) Caudal (mm) 
T12 4.96 (+/- 0.35) 4.28  (+/- 0.41) 
L1 5.1 (+/- 0.32) 5.09 (+/- 0.21) 
L2 5.24 (+/- 0.40) 5.25 (+/- 0.32) 
L3 5.34 (+/- 0.27) 5.02 (+/- 0.22) 
L4 5.53 (+/- 0.34) 5.16 (+/- 0.40) 
L5 5.32 (+/- 0.43) 4.69 (+/- 0.27) 
L6 5.07  (+/- 0.25) 4.8  (+/- 0.33) 
L7 4.69  (+/- 0.37) 2.99  (+/- 0.21) 
Sacrum 2.24  (+/- 0.65) - 
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Table 5: Average Pin Placement Angle and Corridor Length Obtained 
 
Vertebra Angle Obtained +/- SD 
(degrees) 
Corridor Length Obtained 
+/- SD (mm) 
T12 48.3 (+/- 8.8) 6.29 (+/- 1.46) 
L1 50.4 (+/- 5.9) 7.24 (+/- 1.16) 
L2 50.2 (+/- 5.9) 6.82 (+/- 0.80) 
L3 51.0 (+/- 5.4) 6.89 (+/- 1.69) 
L4 48.6 (+/- 7.7) 7.06 (+/- 1.15) 
L5 49.9 (+/- 6.7) 7.97 (+/- 1.25) 
L6 39.5 (+/- 7.1) 8.24 (+/- 1.51) 
L7 38.0 (+/- 10.8) 8.44 (+/- 2.63) 
Sacrum 5.9 (+/- 5.5) 7.9 (+/- 1.74) 
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Table 6: Errors of Pin Placement 
 
Total Pins 
Placed 
80 
Canal 
Impingement 
14 (17.5%) 
Vascular 
Impingement 
1 (1.25%) 
Viscera 
Impingement 
3 (3.75%) 
Failure to 
Engage 
Adequate Bone 
10 (12.5%) 
Total Errors of 
Pin Placement 
28 (35%) 
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